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The  electrolytic  decomposition  of  water 
using  photosensitive  semiconducting  electrodes 
has  been  the  subject  of  intensive  research 
recently. In  this  process  an  n-type  semi- 
conducting oxide  functions  as  the  anode, 
which  is  suitably  biased  to  form  a depletion 
layer  at  its  surface.  Electron  hole  pairs, 
generated  upon  illumination  with  photons  of 
hv>Eg,  are  separated  in  the  field  of  the  depletion 
layer,  and  the  holes  react  at  the  surface  with 
OH*  ions  from  the  solution  to  form  oxygen. 

The  electrons  are  transferred  via  an  external 
circuit  to  the  cathode,  where  they  rdact  with 
the  H+  ions  to  form  hydrogen.  The  overall 
quantum  efficiency  n of  the  process  is  determined 
both  by  the  optical  and  electronic  properties 
of  the  semiconductor,  as  well  as  by  the  actual 
electrochemical  reactions  at  the  surfaces. 

In  this  report  we  will  show  that,  under  suitable 
conditions,  the  wavelength  dependence  of  n can 
give  reliable  information  about  the  interband 
transitions  of  the  semiconductor  at  photon 
energies  much  larger  than  the  lowest  band  gap. 

It  has  been  shown3  that,  under  moderate 
illumination,  the  overall  reaction  rate  is  not 
limited  by  the  electrochemical  hole  and 
electron  transfers  at  the  surfaces  to  the 
solution,  but  by  the  arrival  rate  of  holes 
at  the  anode  surface.  Now  the  hole  current 
in  the  semiconductor  is  the  sum  of  two 
components:  One  due  to  holes  generated  in 
the  depletion  layer,  and  the  other  due  to 
holes  generated  in  the  bulk  which  must  diffuse 
to  the  depletion  layer.  The  quantum  efficiency 
is  then  given  by3: 


« 1 - [exp(-aW)]/ (1+aLp) 


where  a is  the  optical  absorption  coefficient, 

L is  the  hole  diffusion  length  and  W is  the 

P i 

width  of  the  depletion  layer.  W= [2ccQ(V-V^)/eNo]^ 

when  c is  the  dielectric  constant,  N is  the 
donor  concentration  and  (V-V^)  is  th8  band 
bending  due  to  the  applied  bias.  Therefore, 
n is  proportional  to  a if  both  aW<l  and  aL^cl. 

Since  a -v  (hv-Eg)n/hv,  then  the  intercept  of 
plots  of  (nhv)l/n  versus  hv  should  give  the 
energies  of  the  band  gaps;  n = 2 for  indirect 
allowed  transitions,  n = 1/2  for  direct  allowed 
transitions  and  n = 3/2  for  direct  forbidden 
transitions. 


fla 


JL 


O 'Ji  c. 
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For  the  group  of  materials  considered 

here  both  W and  L are  less  than  s 10-6  cm, 

P 

which  makes  it  possible  to  determine  interband 
transitions  at  energies  well  above  the  lowest 
band  gap.  With  the  possible  exception  of 
SrTiOj,  these  oxides  are  low  mobility,  hopping- 
type  semiconductors,  which  can  be  made 
conducting  by  reducing  an  appreciable  fraction 
of  the  transition  metal  ions  to  a lower  valence 
state.  For  example,  for  our  SrTiO,  sample:  q 
p = 0.014  ton,  y = 6 cm^/Vs  and  N0=7.5  x 101  cm" 
(from  Hall  effect  measurements);  with4  e = 330 
we  obtain  W = 2 x 10~6  cm  for  (V-Vj,)  = 1 Volt. 
Moreover,  for  these  highly  defect  oxides  the  hole 
diffusion  length  is  determined  by  bulk  recombina- 

3 2^-7 

tion,  so  that  L s (ee  kT/e  N )^  = 10  cm. 
p v o o' 

Most  other  transition  metal  oxides  have  mobilities 
of  0.1  cm^/Vs  or  less;  then  with  p = 1 ton  we 
still  obtain  L < W < 10-6  cm.  Therefore, 

p 'V 

in  these  materials  the  only  contribution  to  the 
hole  current  is  from  pairs  generated  in  the 
depletion  layer.  Then  n will  be  proportional 
to  a for  a s lO^cm-l,  thus  permitting  the 
determination  of  interband  transitions  well 
above  the  lowest  band  gap.  It  should  be 
noted,  however,  that  the  small  values  of  L and 
W correspond  to  quantum  efficiencies  much  P 
smaller  than  desirable  in  practical  devices. 

The  validity  of  this  approach  has  been 
tested  on  Ti02  and  SrTi03;  for  both  materials 
band  structure  calculations  have  been  made5>6,7 
and  experimental  data  are  available  for  comparison 
Measurements  were  made  under  conditions  previously 
described;  the  electrolyte  was  0.2  M sodium 
acetate  solution.  The  cell  was  biased  in  the 
range  0.4  < (V-V^)  < 1.8  Volt;  band  gap  energies 
were  found  to  be  independent  of  bias.  Samples 
were  cut  from  commercial  boules,  the  Ti02 
samples  was  sliced  parallel  to  the  c-axis. 

Samples  (»  0.1  cm  thick)  were  made  conducting 
by  reduction  in  hydrogen  for  8 hrs  at  700°C 
for  Ti02  and  at  850°C  for  SrTiC^;  the  resulting 
resistivities  are  listed  in  Table  I.  n was 
determined  by  dividing  the  current  through  the 
cell  by  the  incident  photon  flux,  measured  with 
a calibrated  Si  photodiode.  At  the  longest 
wavelengths  the  accuracy  is  limited  by  the 
very  small  photocurrents;  therefore  the  energy 
of  the  lowest  band  gap  is  the  least  accurate. 

The  values  listed  in  Table  I are  the  averages 
obtained  from  a number  of  samples. 
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TABLE  I 


Interband 

Transition  Energies 

p (ftcm)  Band  Gap  Energies  (eV) 

Ti°2 

0.19 

3.02(i) ; 3. 24 (i) ; 3.65(d) 

SrTiOj 

0.014 

3.21(i);-v3.4;  3.78(d) 

Sr0.5Ba0.5Nb2°6 

0.88 

3. 28 (i) ; 3.92(d);  4.19(d) 

wo3 

0.75 

2.62  (i) ; 3.52(d);  3.74(d) 

Fe2°3 

1.12 

1. 88(i) ; 2.75(d) 

(i):  indirect; 

(d): 

direct 

For  TiC>2  our  results  (Fig.  1)  show  that  the 
first  two  transitions  are  indirect  (n=2)  at 

3.02  - 0.05  and  3.24  t 0.02  eV;  these  values 
are  in  good  agreement  with  the  gaps  (3.02  and 

3.3  eV)  from  electromodulation  spectra. 

The  next  transition  at  3.65  t 0.05  eV  is 
direct  (n=l/2) . The  values  predicted  from  the 
band  structure  calculation^  are  3.05,  3.19  and 
3.59  eV,  for  a polarization  E//c.;  within 
experimental  error  our  values  are  independent 
of  polarization, indicating  that  the  dichroism 
is  less  than  50  meV. 

The  lowest  bandgap  of  SrTiC>3  (Fig.  2)  is 
indirect,  at  3.21  i 0.03  eV,  in  good  agreement 
with  the  results  from  absorption  measurements^ 
(3.22  eV)  and  the  calculation  of  Kahn  and 
Leyendecker6  (3.15  eV) . Our  data  show 
increased  absorption  for  hv>3.4  eV;  however, 
no  well  defined  transition  energy  could  be 
determined  in  this  range,  even  after  subtracting 
the  extrapolated  absorption  fTom  the  3.21  eV 
gap.  Electromodulation  spectra^  also  show 
increased  absorption  in  this  region,  without 
a well  defined  critical  point.  The  first 
direct  transition  is  at  3.78  i 0.04  eV;  the 
electromodulation  measurement s^  place  it  at  6 
3.81  eV,  whereas  the  band  structure  calculation 
predicts  3.75  eV. 


Since  from  the  preceeding  it  is  clear  that 
band  gaps  can  be  determined  reliably  from  photo- 
electrolysis spectra,  we  applied  the  technique 
to  other  transition  metal  oxides  with  the 
following  results:  The  lowest  band  gap  of 
Sr^  $Nb00^  is  indirect,  at  3.28  i 0.03  eV, 

(Fig.  3)  followed  by  two  direct  gaps  at 
3.92  t 0.02  and  4.19  t 0.04  eV  (Fig.  4).  The 
absorption  tail  below  3.3  eV  was  not  reproduci- 
ble between  different  samples,  and  may  represent 
transitions  to  surface  states  or  to  defect 
states  just  below  the  band  gap.  The  samples 
used  were  sintered  polycrystalline  discs, 
reduced  in  hydrogen  at  700°C  for  8 hrs. 

In  KO3  the  lowest  band  gap  is  indirect 
at  2.62  t 0.04  eV,  in  fair  agreement  with  a 
previous  determination . ^ At  higher  energies 
two  distinct  direct  gaps  are  found  at 
3.53  t 0.02  and  3.74  t 0.03  eV.  The  measure- 
ments were  made  on  a sintered  polycrystalline 
disc  prepared  by  reacting  weighed  amounts  of 
WO3  and  tungsten  metal  in  an  evacuated  sealed 
tube  for  24  hrs  at  800°C  to  form  WO2  95, 
followed  by  a similar  reaction  of  this  W0_  gc. 
with  WO j to  form  WO^  gg^. 

In  Fe203  the  lowest  band  gap  is  again 
indirect  at  1.88  t 0.04  eV  in  good  agreement 
with  previous  data.14  The  first  direct  transition 
is  at  2.75  t 0.03  eV.  The  measurements  were 
made  on  a single  crystal  grown  by  chemical  vapor 
transport  using  tellurium  tetrachloride  with  a 
small  amount  of  titanium  tetrachloride  to  provide 
conductivity  via  Ti  doping. 

In  conclusion,  the  quantum  efficiency  of 
the  photoelectrolysis  of  water  on  conducting 
oxide  anodes  is  directly  proportional  to  the 
absorption  coefficient  of  the  oxide  if  both 
the  depletion  layer  width  and  the  hole  recom- 
bination length  are  smaller  than  the  light 
penetration  depth.  Under  these  conditions 
one  can  determine  the  energies  of  the  interband 
transitions  of  the  oxides  from  the  photoelectro- 
lysis spectra. 
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FIGUH  CAPTIONS 


FIG.  1 - The  quantum  efficiency  n for  photoelectrolysis  of  TiO.,. 

Left  scale:  plotted  as  (nhv)*5  in  the  wavelength  region 
of  the  indirect  gaps.  Right  scale:  plotted  as  (nhv)^ 
in  the  region  of  the  direct  gap. 


FIG.  2 - The  quantum  efficiency  n for  photoelectrolysis  of  SrTiO.. 

Left  scale:  in  the  region  of  the  indirect  gap. 

Right  scale:  in  the  region  of  the  direct  gap. 


FIG.  3 - The  quantum  efficiency  n for  photoelectrolysis,  in  the 

wavelength  region  of  the  direct  gaps,  of  Fe.,0.j,  WO^ 

and  Sr0.5Ba0.5Nb2°6- 

FIG.  4 - The  quantum  efficiency  n for  photoelectrolysis,  in  the 

wavelength  region  of  the  direct  gaps,  of  Fe_0_,  WO. 

and  Sr0.5Ba0.5Nb2°6- 


Figure  2 


F.  P.  Koffyberg,  K.  Dwight,  and  A.  Wold  - 


1 Ox  (77  hz/)1/2 


SrTiO,  -\  |- 


hp  (eV 


F.  P.  Koffyberg,  K.  Dwight,  and  A.  Wold  - Figure  3 


10x(nhi/)1/2 

o o v v->  7 «-*■  ro 
o oi  o bi  o 


TECHNICAL  REPORT  DISTRIBUTION  LIST,  PEN 


472:CAN:716: torn 

78u472-6G6 


No. 

Copies 

office  of  Naval  Research 

300  North  Quincy  Street 

Arlington,  Virginia  22217 

Attn:  Code  472  2 

OMR  Branch  Office 

536  S.  Clark  Street 

Chicago,  Illinois  60605 

Attn:  Dr.  George  Sandoz  1 

ONR  Branch  Office 
715  Broadway 

New  Ycrk,  New  York  10003 

Attn:  Scientific  Dept.  1 

ONR  Bianch  Office 

1030  East  Green  Street 

Pasadena,  California  91106 

Attn:  Dr.  R.  J.  Marcus  1 

ONR  Area  Office 

One  H.illidie  Plaza,  Suite  601 

San  Francisco,  California  94102 

Attn:  Dr.  P.  A.  Miller  1 

ONR  B -anch  Office 

Building  114,  Section  D 

666  Sjtnmer  Street 

Boston,  Massachusetts  02210 

Attn:  Dr.  L.  H.  Peebles  1 

Director,  Naval  Research  Laboratory 

Washington,  D.C.  20390 

Attn:  Code  6100  1 

The  Assistant  Secretary 
of  the  Navy  (R,E&S) 

Department  of  the  Navy 
Room  4E736,  Pentagon 

Washington,  D.C.  20350  1 

Commander,  Naval  Air  Systems  Command 
«..«■  Department  of  the  Navy 
Washington,  D.C.  20360 

Attn:  Code  3 10C  (H.  Rosenwasser)  1 


C.J\ 


No. 

Copies 

Defense  Documentation  Center 

Building  5,  Cameron  Station 

Alexandria,  Virginia  22314  12 

U.S.  Army  Research  Office 
P.0.  Box  1211 

Research  Triangle  Park,  N.C.  27709 
Attn:  CRD-AA- IP  i 

Naval  Ocean  Systems  Center 

San  Diego,  California  92152 

Attn:  Mr.  Joe  McCartney  1 

Naval  Weapons  Center 

China  Lake,  California  93555 

Attn:  Dr.  A.  B.  Amster 

Chemistry  Division  1 

Naval  Civil  Engineering  Laboratory 

Port  Hueneme,  California  93401 

Attn:  Dr.  R.  W.  Drisko  1 

* 1 

Professor  K.  E.  Woehler 

Department  of  Physics  & Chemistry 

Naval  Postgraduate  School 

Monterey,  California  93940  1 j 

Dr.  A.  L.  Slafkosky 
Scientific  Advisor 
Commandant  of  the  Marine  Corps 
(Code  RD-1) 

Washington,  D.C.  20380  1 

Office  of  Naval  Research 
800  N.  Quincy  Street 
Arlington,  Virginia  22217 
Attn:  Dr.  Richard  S.  Miller 

Naval  Ship  Research  and  Development 
Center 

Annapolis,  Maryland  21401 
Attn:  Dr.  G.  Bosmajian 

Applied  Chemistry  Division  1 j 

Naval  Ocean  Systems  Center 
San  Diego,  California  91232 

.\ttn:  Dr.  S.  Yamamoto , Marine 

Sciences  Div is  ion  1 ■ 


TECHNICAL  REPORT  DISTRIBUTION  LIST,  359 


472  :CAN  : 716:  tar 
78u472-608 


No. 

Copies 

Dr.  Paul  Delahay 
New  York  University 
Department  of  Chemistry 

New  York,  New  York  10003  1 

Dr.  R.  A.  Ostcryoung 
Colorado  State  University 
Department  of  Chemistry 

Fort  Collins,  Colorado  80321  1 

Dr.  E.  Yeager 

Case  Western  Reserve  University 
Department  of  Chemistry 

Cleveland,  Ohio  41106  1 

Dr.  L.  N.  Bennion 

University  of  California 

Chemical  Engineering  Department 

Los  Angeles,  California  90024  1 

Dr.  K.  A.  Marcus 

California  Institute  of  Technology 
Department  of  Chemistry 

Pasacena,  California  91125  1 

Dr.  J.  J.  Auborn 
Bell  Laboratories 

Murrey  Hill,  New  Jersey  07974  1 

Dr.  Adam  Heller 

Bell  Telephone  Laboratories 

Murrary  Hill,  New  Jersey  07974  1 

Dr.  T.  Katan 

Lockheed  Missiles  & Space 
Co,  Inc. 

P.0.  Box  504 

Sunnyvale,  California  94088  1 

Dr.  Joseph  Singer,  Code  302-1 
NASA-Lewis 

21000  Brookpark  Road 

Cleveland,  Ohio  44135  1 

Dr.  L.  Brumroer 
EIC  Incorporated 
Five  Lee  Street 

Cambridge,  Massachusetts  02139 


No. 

Copie 

Library 

P.  R.  Mallory  and  Company,  Inc. 

Northwest  Industrial  Park 

Burlington,  Massachusetts  01803  1 

Dr.  P.  J.  Hendra 
University  of  Southhampton 
Department  of  Chemistry 
Southhampton  S09  5NH 

United  Kingdom  1 

Dr.  Sam  Perone 
Purdue  University 
Department  of  Chemistry 

West  Lafayette,  Indiana  47907  1 

Dr.  Royce  W.  Murray 
University  of  North  Carolina 
Department  of  Chemistry 

Chapel  Hill,  North  Carolina  27514  1 

Naval  Ocean  Systems  Center 

San  Diego,  California  92152 

Attn:  Technical  Library  1 

Dr.  J.  H.  Ambrus 
The  Electrochemistry  Branch 
Materials  Division,  Research 
& Technology  Department 
Naval  Surface  Weapons  Center 
White  Oak  Laboratory 

Silver  Spring,  Maryland  20910  1 

Dr.  G.  Goodman  • 

Globe-Union  Incorporated 

5757  North  Green  Bay  Avenue 

Milwaukee,  Wisconsin  53201  1 

Dr.  J.  Boechler 
Electroch imica  Corporation 
Attention:  Technical  Library 
2485  Charleston  Road 

Mountain  View,  California  94040  1 

Dr.  P.  P.  Schmidt 
Oakland  University 
Department  of  Chemistry 
Rochester,  Michigan  48063 


**•  •* 


1 


1 


TECHNICAL  REPORT  DISTRIBUTE : : I ST,  359 


■ 


No. 

Copies 

Dr.  H.  Richtol 

Chemistry  Department 

Rensselaer  Polytechnic  Institute 

Troy,  New  York  12181  1 

Dr.  A.  B.  Ellis 
Chemistry  Department 
University  of  Wisconsin 

Madison,  Wisconsin  53706  1 


Dr.  M.  Wrighton 
Chemistry  Department 
V Massachusetts  Institute  of  Technology 
Cambridge,  Massachusetts  02139 

^ s 

Larry  E.  Plew 

Naval  Weapons  Support  Center 
Code  3073,  Building  2906 
Crane,  Indiana  47522 

S.  Ruby 
DOE  (STOR) 

600  E Street 
Washington,  D.C.  20545 

Dr.  Aaron  Woid 
Brown  Un\v/rsity 
Department  of  Chemistry 
Providence ?\Rhode  Island  02192 

Dr.  R.  C.  Ohudacek 
McGraw-Ed ison  Company 
Edison  Battery  Division 
Post  Office  Box  28 
Bloomfield,  New  Jersey  07003 

Dr.  A.  J.  Bard 
University  of  Texas 
Department  of  Chemistry 
Austin,  Texas  78712 

f 

Dr.  fc'.  M.  Nicholson 
Electronics  Research  Center 
. Rockwell  International 
3370  Miraloma  Avenue 
Anaheim,  California  92803 

Dr.  K.  G.  Sceats 
University  of  Rochester 
Department  of  Chemistry 
’ Rochester,  New  York  11*627 


1 


1 


1 


1 


1 


1 


1 


1 


472 :GAN : /'6:far 

78u472-608 


